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A REVIEW OF RECENT INFORMATION RELATING 
TO THE DRAG RISE OF AIRPLANES 
By J . W . Wetmore 


SUMMARY 


The paper provides a limited compilation of some of the more recent 
and more generally applicable experimental information on the drag of 
airplane components and combinations through the transonic speed range. 

The results presented were selected from the larger body of material 
available as the most suitable to acquaint designers with the status of 
the data that are now at hand and to illustrate some of the trends that 
are indicated by these data. Results are included from high-speed wind- 
tunnel tests, free-fall tests of models dropped from high altitudes, 
flight tests of rocket -propelled models, and wing-flow tests, and cover 
the drag characteristics of various wing arrangements, body configurations 
and wing -body combinations in the Mach number range from about 0-7 to 1.2. 
The effect of the drag rise on the range of a jet-propelled airplane is 
discussed briefly and an indication is given of the thrust available from 
turbojet engines in relation to the drag developed by airplane configu- 
rations at transonic speeds. 

From the results presented it appears that an airplane configuration 
incorporating 45° sweep in the wings and a sufficiently slender fuselage 
arranged to avoid unfavorable interaction effects should be capable of 
cruising at Mach numbers up to 0-95 and attaining a high speed of at 
least Mach number 1.0 with turbojet engines that are now or' probably soon 
will be available- 


INTRODUCTION 


The airplane, of conventional design as we know it today, has very 
nearly attained its limit in practical operating speed at about 500 miles 
per hour. With the large drag increase attending the formation of shock 
waves at these speeds, pushing the airplane to appreciably greater speeds 
results in a prohibitive loss in efficiency or L/D and the airplane is 
no longer capable of performing its primary function of carrying a pay 
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load a reasonable distance. Consider, for example, the case of a repre- 
sentative modem Jet airplane having a wing loading of about 50 pounds 
per square foot and operating at an altitude of 30 , 000 feet. 

In figure 1 the upper solid curve shows the variation of drag 
coefficient with speed or Mach number (from tests in the Ames l 6 -foot 
high-speed tunnel) and the lower curve, the corresponding variation in . 
range (based on assumption of constant specific fuel consumption in 
terms of thrust). For an increase in speed of about 100 miles per hour 
or in Mach number of 0-15 above the speed at which the drag rise starts, 
the range would decrease about 75 percent and would be too small to be 
useful. The dashed curves show that if the drag rise could be delayed 
sufficiently, or eliminated, the speed could be increased 100 miles 
per hour with only a 10 -percent loss in range or 200 miles per hour with 
about 20 -percent decrease in range. (This small loss in range results 
from the condition of constant altitude assumed here: the effect of 

decreasing L/D, resulting from the decreasing lift coefficient with 
increasing speed, somewhat more than offsets the effect of the increasing 
speed.) 

With the development of more concentrated fuels and efficient power 
plants to utilize them, the effect of the drag rise will no doubt be less 
critical from this standpoint, but. for the present, at least, it seems 
clear that further increase in the speeds at which airplanes may operate 
efficiently will be accomplished by changes in aerodynamic design required 
to avoid any substantial drag rise up to these speeds* 

The purpose of this paper is to point out briefly the information 
relating to drag in the transonic range which is available to guide 
designers in planning efficient higher speed airplanes of the immediate 
future and to indicate some of the trends in these data. The principal 
sources of the information that will be presented are the high -speed- 
tunnel tests covering the lower end of the transonic range up to Mach 
numbers of 0.9 to 0 - 95 , tests of free-fall models dropped from high 
altitudes covering practically the whole transonic range, and tests of 
rocket -propelled models dealing with the upper end of the range from 
Mach numbers of 1.0 to 1.2. 


M 
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SYMBOLS 


Mach number 
critical Mach number 

Miach number . near, start of drag .rise, at which drag coefficient has 
increased 0.005 above subcritical value . . .. .... .* .. . ... 
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t/c 

c t/°r 


S 

A 


L .E • 


F.R. 

x/l 


L/D 


drag coefficient "based on wing plan area • 
drag coefficient "based on frontal area 

coefficient of pressure drag (total drag less skin friction) 
based on frontal area 

lift coefficient 
pressure coefficient 

local static pressure 
free -stream static pressure 

free -stream dynamic pressure 
thrust 

ratio of wing thickness to chord 

wing taper ratio (ratio of tip chord to root chord) 

wing area 
sweep angle 

sweep angle of mean line or 50 -percent-chord line of wing 
leading edge of wing 

fineness ratio (ratio of body length to maximum diameter) 

ratio of distance measured along axis of body to total body 
length 

lift -drag ratio 

WING CONFIGURATIONS 



The wing which is, of course, the major source of the. drag rise of 
present airplane cpnfigurations will be considered first. Figure 2 indi- 
cates the increase in' the Mach number of the drag rise that can be obtained 
with unswept wings by using thinner wing sections. The solid lines 
actually represent the Mach numbers at which the drag coefficient has 
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increased 0'.005 above the subcritical value. The use of this value 
provides a better indication of the trends than the use of the value at 
which the drag rise actually begins since the latter value is not always 
clearly defined. The start of the drag rise occurs in the region between 
the solid line and the dashed line which defines the theoretical critical 
Mach number of the wing sections . The Mach number of the drag rise is 
shewn as a function of the thickness -chord ratio of the wing: in the 

left-hand figure for a tapered and cambered wing at a lift coefficient 
of 0.2 as tested in the Ames l6-foot high-speed tunnel; and in the right- 
hand figure for a straight, symmetrical wing at zero lift from the 
results of free-fall tests (reference l) . It is indicated that in both 
cases the Mach number of the drag rise increases by 0.015 to 0.02 or 
between 10 and 15 miles per hour for a reduction of 0.01 in thickness 
ratio. 

The effects of sweepback and aspect ratio on the Mach n umb er of the 
drag rise, defined as before, are illustrated in figure 3* In this 
figure, the Mach number of the drag rise is shown plotted against the 
inverse of the aspect ratio from the results of high -speed-tunnel tests 
of two series of unswept wings of different airfoil section, and a 
series of wings of 30° sweep (references 2 and 3) > and from the results 
of free-fall tests of two wings of 45° sweep (reference 4). The indi- 
cated values of the drag-rise Mach number at infinite aspect ratio for 
the swept conditions were estimated from two-dimensional high -speed- 
tunnel data using the simple cosine law for infinite yawed wings. The 
results indicate that the benefits of sweep are increased as the aspect 
ratio increases particularly for large sweep angles. Conversely, although 
decreasing the aspect ratio provides a substantial increase in the Mach 
number of the drag rise for the unswept wings, it has little effect when 
the wings are swept back 30° and becomes adverse for 45° sweepback. It 
may be noted that in order to avoid a substantial drag rise up to or 
through sonic velocity with the wing thicknesses considered a sweepback 
of at least 45° is required. 

A considerable amount of data on the drag of wings at the upper end 
of the transonic range has been obtained by the rocket technique and 
although these results do not define the conditions of the drag rise, 
they, together with the free-fall data, do show the extent of the drag 
rise and provide an indication of the wing configurations that will be 
required to extend speeds for reasonably efficient airplane operation to 
Mach numbers above 1.0. Figure 4 shows the variation with thickness 
ratio of the drag coefficient of unswept wings at a Mach number of 1 .15 • 
Data from both rocket and free-fall tests (references 1 to 5) are 
included and, although there is considerable scatter due to the different 
test techniques and different aspect ratios, which will be discussed 
later, the trend is well defined. The large reduction in drag at this 
speed afforded by decreasing the wing thickness is clearly shown. . As 
an indication of what the drag data at Mach number 1.15 shown in this 
and subsequent figures mean in relation to thrust available from present 
turbojet power plants or those in immediate prospect, it is estimated 
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that the drag coefficient for a complete single -engine airplane of repre- 
sentative dimensions operating at altitudes of 30,000 to 40,000 feet could 
not exceed about 0.02. According to this figure then, the thickness 
ratio of an unswept wing would have to he something less than 4 percent 
to permit attainment of Mach n umb er 1 .15 • 

The effects of sweep and aspect ratio on the drag at Mach number 1.15 
are shown in figure 5 which again includes data from both rocket and 
free-fall tests (references 4 and 6). Here the drag coefficients are 
plotted against the inverse of the aspect ratio for sweep angles 
from 0° to 52°. All the wings are of NACA 65 -009 section in planes 
normal to the leading edge . The trends indicated in this figure are 
generally similar to those of figure 3; that is, the effect of sweep in 
decreasing the drag becomes greater with increasing aspect ratio and the 
effect of reducing the aspect ratio, although favorable with no sweep, 
disappears at moderate sweep angles and becomes adverse with greater 
sweep. The results shown here do not, of course, give the complete story, 
which would require consideration of structural requirements and space 
requirements for fuel storage and so forth. For example, the beneficial 
effect indicated for reduced aspect ratio of the unswept wings is due 
to aspect ratio alone and does not take account of the reduction in drag 
due to the thinner wing sections that could probably be used with the 
smaller aspect ratios. Furthermore, the indicated advantage of sweep is 
not entirely realistic since it applies to constant wing thickness in 
planes normal to the leading edge ; whereas for structural reasons the 
thickness would probably have to be increased considerably with increasing 
sweep and the benefits would thereby be reduced. Consider again the value 
of drag coefficient 0.02, representing, as before, the probable limit for 
a single -engine airplane with the jet engines that will be available in 
the near future : it appears that to attain a Mach number of 1 .15 within 

this limitation the wing would have to be swept at least 45° and probably 
more to allow for the drag of fuselage and other elements of the airplane . 

There has been some interest, for various reasons, in the possibili- 
ties of using forward sweep rather than sweepback. In figure 6 the varia- 
tions of drag with Mach number through, the transonic range for a sweptback 
and a sweptforward wing are conpared from the results of free-fall tests 
(reference 7 and data not yet published). The wings are similar in all 
respects except taper, and it is shown that the results are very similar. 
These results may be influenced to some extent by effects on the wings 
due to the flow fields of the bodies used in these tests . In this 
connection it might be of interest to mention that the sweptforward wing 
was found to have a considerably more adverse effect on the drag of the 
body, at Mach numbers of 1.0 and above, than the sweptback wing. However, 
the indication that the direction of sweep has little effect on either 
the Mach number or the extent of the drag rise of the wing alone is 
supported by other data from wind-tunnel tests (reference 8) and rocket 
tests (reference 9)» 
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As part of the investigation of wing -plan -form effects on drag at high 
transonic speeds, rocket tests have been made of several configurations 
incorporating variations in taper as well as sweep (references 10 and 11 ) . 
Figure 7 shows the drag coefficients at a Mach number of 1.15 in relation 
to the taper ratio, grouped for approximately constant sweep angles of 
either the mean line or the leading edge of the wing. The thickness - 
chord ratio in the stream direction is approximately constant for each 
group. With the mean line unswept, tapering the wing to a pointed 
configuration provides a substantial reduction in drag over that of the 
untapered wing. The second group indicates that with the leading edge 
held constant at 45°, tapering the wing tends to be unfavorable and 
this trend appears to continue to the inverse -taper condition shown by 
the third group. These results apparently indicate simply that sweep 
of the leading edge is not the determining factor for tapered wings. 

Perhaps the most interesting feature of these data is shown by the 
fourth group where the result of tapering the wing about a 45° swept 
mean line is indicated. The taper in itself has practically no effect 
in this case which suggests that it should be possible to take full 
advantage of the benefits of large sweep and thin sections with consider- 
ably less difficulty from structural problems than in the case of 
untapered wings. 

Investigation of the effects of airfoil section on the transonic drag 
characteristics of finite wings has been limited mainly to determining 
the effects of sharp leading edges, with the thought that they might 
provide some benefit in the transonic range as well as at supersonic 
speeds. Figure 8 shows the variation of drag with Mach number from free- 
fall tests (reference 12) of a six -percent -thick, unswept wing with a 
sharp-edge circular-arc section and one with NACA 65-series section. 

Little difference is indicated and such as there is favors the 65 -series 
airfoil. Similar comparisons from rocket tests with thicker unswept 
wings and with swept wings, including double -wedge as well as circular- 
arc Sections (reference 5) lead to the same conclusions - that wings 
with supersonic -type sections tend to have somewhat poorer drag character- 
istics in the transonic range than wings with more conventional high- 
speed sections . 


BODIES 


With the delay and reduction in the drag rise of wings that appear 
possible from the foregoing results the drag characteristics of the body 
or fuselage of the airplane may well become- the critical factor in' 
determining the l imi ting normal operating speed of the airplane. An 
investigation of body drag through the transonic range has been iunder-. 
taken by the free-fall method (reference 13 ) and the results. -to date- 
are shown in figure 9 in which the drag coefficients, based on frontal 
area, of four simple bodies of revolution, varying in fineness ratio 
and in thickness distribution, are compared over the Mach number range 
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from O.85 to 1.08. The drag values shown include the drag of the stabi- 
lizing tail surfaces which were identical in all cases. The body of 
fineness ratio 12 had. a similar thickness distribution to that of the 
fineness -ratio -6 body, with the maximum diameter at half the body length. 
The start of the drag rise of the fineness -ratio-12 body appears to 
occur at a considerably higher Mach number than for the fineness -ratio - 
6 body although this advantage is more than offset at Mach numbers 
below 0.9k by the greater skin -friction drag of the longer body. The 
extent of the drag rise is also much less - on the order of one-third - 
for the slender body so that at Mach numbers around 1.0 its drag coeffi- 
cient is only about 60 percent of that of the fineness -ratio -6 body. 

The other two bodies were formed by combinations of the forebody and 
afterbody shapes of the fineness -ratio -6 and fineness -ratio -12 bodies. 

Of these two bodies, the one with the blunter forebody and more slender 
afterbody has a lower drag at Mach numbers above O.92. Although the 
drags of both these bodies lie generally between the curves for the 
fineness -ratio -6 and 12 bodies, the values are somewhat higher at Mach 
numbers above 1.0 than would be expected for a fineness -rati 0-9 body 
of similar shape to the 6 and 12 bodies. This will be indicated more . 
clearly in another figure. A further point of interest in the data in 
this figure is in the similarity of the drag variation above Mach 
number 1.0 for the bodies of similar nose shape: for the two bodies 

having the more slender forebody the curves flatten out, whereas with 
the blunter nose shape the drag coefficient continues to increase , 
suggesting that the nose shape becomes the dominant factor in deter- 
mining the character of the drag variation of bodies very shortly after 
Mach number 1.0 has been exceeded. 


In figure 10 the drag coefficients of the four bodies at a Mach 
number of 1.08 are plotted to logarithmic scale as a function of the 
inverse of fineness ratio. The drag values shown have been’ reduced to 
represent approximately the pressure, or wave drag by subtracting the 
measured drag of the stabilizing tail and estimated skin friction from 
the values shown in figure 9. The values for the fineness -ratio -6 and 
fineness -ratio -12 bodies, which may be considered as belonging to the 
same shape family, fall very close to a line which defines the drag as 
a function of the square of the inverse fineness ratio, or, in effect, 
the square of the thickness ratio. This result is in accord with the 
theory for the wave drag of slender bodies of revolution at supersonic 

/ 1 \2 

speeds and in fact the complete relation = 10.7( — — 


defined 


by this line is almost exactly the same as that derived theoretically by 
Ligh thill for slender parabolic bodies (reference 14). The fact that 
the data for the two fineness rrati 0-9 bodies with maximum diameter 
forward and aft of the midlength of the body lie above this line indi- 
cates. that these departures from the shape family represented by the 
fineness -ratio -6 and 12 bodies are both unfavorable;.. • ■. 
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In connection with a study of the sources of the drag rise of todies 
in the transonic range, pressure -distribution measurements on a body of 
revolution have been obtained by the wing-flow method over the range of 
Mach number from O .85 to 1.05 (reference 15) • Some of these results are 
shown in figure 11. The body was of parabolic shape in longitudinal 
section with a fineness ratio of 6 and was sting supported as indicated 
in the sketch in the left-hand figure. The pressure -orifice locations 
are also shown in the sketch. The pressure distributions along the 
body are shown for four Mach numbers from O .92 to 1.05 in the left-hand 
figure and the variation of pressure -drag coefficient with Mach number 
determined from these data is plotted in the right-hand figure. The 
pressure distribution for Mach number O .92 is typical of the results 
obtained at lower Mach numbers and gave no appreciable pressure drag. 

With increasing Mach number, the suction peak moves back of the maximum 
diameter of the body and the pressure drag rises accordingly. The 
greatest rearward movement of the suction peak in relation to change of 
Mach number occurs between Mach number- 0 . 96 and 1.00 and the drag rise 
is also most abrupt over this range. At Mach numbers from 1.00 to 1.05, 
the change in pressure distribution and in drag coefficient is relatively 
small. Although the pressures over the forebody increase somewhat as the 
Mach number increases and thereby contribute to the drag rise, the greater 
part of the effect up to Mach number 1.0 arises from the growth and rear- 
ward movement of the suction on the afterbody. As an indication that 
the pressure measurements and their interpretation in teims of the drag 
rise are probably not greatly influenced by the low Reynolds number of 
these tests, the drag curve from the free-fall tests of a fineness - 
ratio -6 body of generally similar shape is given by the dashed line in 
the right-hand figure. The Reynolds number of these tests was some 
twenty times that of the wing-flow tests but the shapes of the curves 
are remarkably similar. 


WING-BODY INTERACTION 


A final interpretation of the results of investigations of airplane 
components requires, of course, some understanding of the effects of 
combining these components in the complete airplane configuration. 

Figures 22 and 13 indicate some of the tendencies that have been observed 
in the effects of wing-fuselage interaction on the drag rise . Figure 12 
shows the variation of drag coefficient with Mach number through the 
beginning of the drag rise for three unswept wings of varying thickness 
from tests in the Ames l 6 -foot high-speed tunnel. The solid lines apply 
to the wings alone, and the dashed lines to the combinations of wing and 
fuselage. For these cases, the Mach number of the drag rise and the rate 
of increase in the drag coefficient beyond the start of the drag rise 
appear to be practically unaffected by the addition of the fuselage . A 
similar absence of effects of adding a fuselage to the wing was noted in 
the results of high -speed- tunnel tests of an airplane configuration 
incorporating a 35 ° sweptback wing. 
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A considerably different result was indicated from free -fall tests 
of wing-body configurations incorporating wings of greater sweepback 
(reference l6) . Figure 13 compares the drag -coefficient variation with 
Mach number for two combinations of identical 45 ° swept wings and 
fineness- ratio -12 bodies, differing only in the position of the wings on 
the body. With the wing located l/8 of the body length back of its 
maximum diameter, the drag rise apparently did not occur until the Mach 
number was at least 0.05 greater than for the arrangement with the wing 
a similar distance forward of the maximum diameter, and the drag through- 
out the Mach number range covered was markedly less. From the simulta- 
neous measurements of total drag and wing drag obtained in these tests it 
was evident that the greater part of the difference shown here arose from 
the effect of the wing position on the body drag: With the wing in the 

rearward position, the presence of the wing apparently reduced the drag 
of the body appreciably below the values obtained with a similar body 
without wings, whereas with the wing in the forward position, the body 
drag was increased. It appears from these results that considerable 
attention should be given to the arrangement of the wing on the fuselage, 
at least when large sweep angles are used, to avoid the possibility of 
rather large unfavorable interaction effects . 


CONCLUDING REMARKS 


A somewhat more direct indication of the advances in. airplane 
operating speeds that may be expected from some of the changes in air- 
plane configuration that have been discussed is provided in figure 14 - . 
This figure shows the variation of drag coefficient with Mach number 
for three simple body -wing -tail configurations incorporating fineness - 
ratio-12 bodies varying in wing sweep and thickness (reference l6 and 
data not yet published) compared with that for the representative modem 
jet fighter discussed earlier. The curve designated T/sq. represents 
the probable thrust capabilities that can be expected of a turbojet 
engine in the immediate future in terms of a representative wing area 
and dynamic pressure for comparison with the drag coefficients . The 
speed of the conventional airplane, with unswept wings, 13 percent thick, 
is limited by the intersection of the thrust and drag curves to a Mach 
number of 0.80 with the highest speed for reasonably efficient cruising 
probably not greater than 0.70 in Mach number. It was found that the 
drags of models of three projected high-speed airplanes with wings of 
around 35° sweep and 10- to 12 -percent thickness fell generally between 
•the two drag curves for the 35 ° configurations shown here . It appears 
therefore that maximum speeds up to Mach number of 0.9 to O.95 and 
reasonable range up to Mach numbers of almost 0.9 can be realized with 
the moderate sweep and thickness that are being incorporated in a number 
of new high-speed jet airplanes now in design, construction, or prototype 
stages. The 4 - 5 ° swept -wing arrangement shown on the right attained the 
highest Mach number before the drag rise and gave the most gradual drag 
rise of any wing-body-tail combination for which free-fall test data are 
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available . From these results it appears that with wings having sweep 
angles of 4-5° and sufficiently slender "bodies, arranged to avoid unfavor- 
able interaction effects, airplanes cruising at Mach numbers up to O .95 
and with top speed around Mach number 1.0 are quite possible, with turbojet 
engines that are or probably soon will be available. 
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Figure 1.- Effect of drag rise on range of representative modern 

turbojet airplane. 

WIND TUNNEL FREE FALL 

NACA 65-2XX , A= 9 , C L = 0.2 NACA 65-OXX , A = 7.6 , C L = 0 



Figure 2..- Effect of wing thickness ratio on Mach number of the 

drag rise. 
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Figure 3.- Effects of aspect ratio and sweep of wings on the Mach 
number of the drag rise; o = 0°. 



Figure 4.- Variation of drag coefficient of unswept wings with thickness 

ratio. M = 1.15; C L = 0. 
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Figure 5.- Variation of wing drag coefficient with aspect ratio and 
sweepback. M = 1.15; Cl =0. 


Figure 6.- 


Comparison of drag of sweptforward and sweptback wings 
through tiie. transonic range. C T . = 0; L = 0.12. 
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Figure 11.- Pressure distributions from wing -flow tests through the 
speed of sound on a fineness-ratio-6 body of revolution, and com- 
parison of the corresponding pressure drag with the total drag 
measured in free-fall tests of a similar body. 
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Figure 12.- Comparison of initial drag rise of wing alone and wing 
fuselage combination for three wings of different thickness ratio 
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Figure 13.- Effect on drag of wing -body -tail combination through 
.transonic range due to fore-and-aft position of 45° swept wing. 
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Figure 14.- Comparison of drag rise of three wing -body -tail 
combinations varying in wing sweep and thickness and of 
representative, modern turbojet airplane. Thrust available 
from turbojet engine at 30,000 to 40,000 feet altitude shown 
in form corresponding to drag coefficient for comparison. 
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